In order to find a new Er-doped host for near infrared (NIR) optical amplifiers, a study on the optimization of the erbium emission ions in the Y 2 O 3 eAl 2 O 3 eSiO 2 system was performed. (100 À x) Y 3 Al 5 O 12 À (x) SiO 2 powders (x varies from 0 to 70, in mol%) with a fixed Er 2 O 3 concentration of 1.0 mol% were synthesized by a modified Pechini method and heat-treated at 900 and 1000 C. The photoluminescence (PL) spectra at 1540 nm of the 4 I 13/2 / 4 I 15/2 transition of Er 3þ ions and the up-conversion spectra at visible region ( 2 H 11/2 þ 4 S 3/2 þ 4 F 9/2 / 4 I 15/2 ) upon 980 nm excitation were evaluated. Different techniques, such as thermogravimetry (TG), differential scanning calorimetry (DSC), X-ray powder diffractometry (XRD) and Fourier transform infrared spectroscopy (FT-IR) were considered to evaluate crystallization and phaseevolution of the powders as a function of the silica content (x) and annealing temperature. The analyses were based on the comparison between two different solvents used in the preparation of the polymeric resins: ethanol and water. The optimal conditions for ethanol are quite different than the conditions for water used as solvent, confirming that the PL properties at the NIR region are highly sensitive to the changes in the host stoichiometry and processing conditions. The highest emission intensity at 1540 nm was observed for x ¼ 30 for ethanol and x ¼ 70 for water, treated at 900 and 1000 C, respectively. This result could be attributed to the combination of low symmetry and good dispersion of the Er 3þ ions in these hosts.
Introduction
Rare-earth-doped materials play important roles in optoelectronic technology because they have good performance in a variety of optical devices such as amplifiers, waveguides, display materials and solid state lasers [1] . In the case of free rare-earth (RE) ions, the optical emission of internal 4f-4f transitions is forbidden by electric dipole [2, 3] . If the symmetry of the local crystal field around the RE lattice sites in the host matrix is distorted, the parity forbidden intra-4f transition will be allowed resulting in photons of characteristic frequencies over a wide band of the electromagnetic spectrum. Among these RE elements, the 1.54 mm photoluminescence properties of trivalent erbium ions are key elements in fiber optical communication systems, because the radiative transition 4 I 13/2 / 4 I 15/2 of Er 3þ ions matches the lowest signal attenuation in silica-based optical fibers [4] .
A logical next step in optical amplifiers development is the planar amplifier, in which Er-doped channel waveguides are made on planar substrates. Given the small length of a planar amplifier, a higher Er 3þ ion concentration is required. At such high concentrations, ioneion interactions reduce the PL efficiency due to the low solubility of the rare-earth dopant ion in silica glass. The optimal concentration of Er 2 O 3 in pure SiO 2 solegel glass is equal to 0.65 mol% [5] . Such a low value limits their use in NIR applications.
Yttrium aluminate and yttrium aluminosilicate (YAS), usually glasses, are known for their ability to accommodate high concentration of erbium active ions and for their low phonon energy due to the aluminate network [6] . In addition, these compositions are very interesting from the structural point of view. Different phases of the Y 2 O 3 eAl 2 O 3 system are known according to the molar ratio and thermodynamic condition, namely: yttrium aluminum with a garnet structure e YAG (Y 3 Al 5 O 12 , with Y 2 O 3 /Al 2 O 3 ¼ 3:5), monoclinic structure e YAM (Y 4 Al 2 O 9 , with Y 2 O 3 /Al 2 O 3 ¼ 2:1), perovskite YAP and hexagonal YAH (YAlO 3 , both with Y 2 O 3 /Al 2 O 3 ¼ 1:1. In this case, a cubic phase can also be observed) [7] . The addition of silica, a typical glass forming, to this system can change the local structure and thus significantly alter their properties.
The Pechini method is well-known and used for the synthesis of optical multicomponent oxide materials. This method includes a combined process of metal complex formation and polymerization of organics, frequently used as the alternative to the metal-alkoxides based solegel process [8] . This soft chemistry process is advantageous because it involves better chemical homogeneity, smaller particle sizes and low synthesis temperatures of compositions with unique properties into powder, thin films and monolithic forms [9] . However, this process has some intrinsic disadvantages, for instance, the nonradiative relaxation channels due to RE concentration quenching and vibrations of hydroxyl groups (OH À ) [10] .
In the present paper we describe the host effect on the PL properties in Er-doped yttrium aluminosilicate powders prepared by a modified Pechini method, using water and ethanol as the solvents. The influence of hosts with different stoichiometries on the excited-state 4 I 13/2 of Er 3þ ions was investigated in heat-treated Y 2 O 3 eAl 2 O 3 eSiO 2 powders. Up-conversion effect was also evaluated in order to find the conditions that optimize the emission intensity at 1540 nm. The nanopowders morphology was investigated by field emission gun scanning electron microscope (FEG-SEM). The effects of the silica concentration, annealing temperature and the kind of solvent on the structure of the powders were studied by X-ray powder diffractometry (XRD) and Fourier transform infrared spectroscopy (FT-IR). The thermal properties were analyzed by thermogravimetry (TG) and differential scanning calorimetry (DSC) curves.
Experimental

Samples preparation
The composition considered for the powders was: (100 À x) Y 3 Al 5 O 12 À (x) SiO 2 , with a fixed Er 3þ concentration of 1 mol%. The silica content (x) varied systematically from 0 to 70 mol% and the Y 2 O 3 /Al 2 O 3 molar ratio was kept equal to 3:5. Nominal sample compositions are listed in Table 1 . In this table, in order to facilitate the recognition of the powders' composition, a notation was used: the letter E (or W) refers to the use of ethanol (or water) as the solvent in the preparation of the resins and the number in parenthesis following the letter E (or W) indicates the mol% of SiO 2 (also represented by x).
The synthesis of the ceramic powders was carried out by a modified polymeric precursor method (Pechini) based on the complexation of metal cations by a carboxylic acid (citric acid), followed by a polymerization process using a polyalcohol [ethylene glycol (EG)] to form a polymeric network. According to the stoichiometry of Y 3 4 , Aldrich 98%) was used as the silicon alkoxide precursor, representing the solegel part of the synthesis. Separately, TEOS was first mixed with deionized water for a pre-hydrolysis (the molar ratio of TEOS: H 2 O ¼ 1:2) and then mixed into the metallic citrate solution (alcoholic or aqueous). EG was added in the mass ratio of citric acid/EG of 3:2. This solution was vigorously stirred at room temperature in order to ensure the hydrolysis and polycondensation of TEOS. The final solutions were aged at room temperature for one day and then kept under constant agitation at 80e90 C to favor the reaction of polyesterification followed by evaporation of the excess solvent. The resulting resin was calcined at 150 C/12 h, 400 C/6 h and then at 700 C/12 h, with a heating rate of 10 C/min. To obtain the crystalline phases, portions of the as-obtained powders were treated at the range of 800e 1000 C using conventional furnace. A schematic representation of the synthesis process can be seen in Fig. 1 .
Sample characterization
Photoluminescence spectra were collected at room temperature upon excitation of 980 nm of a diode laser with a usual setup consisting of a three-grating monochromator, chopper, lock-in and a photomultiplier for visible detection and a germanium (Ge) detector for NIR detection. The population decay rate (lifetime s) at 1540 nm ( 4 I 13/2 / 4 I 15/2 transition of Er 3þ ions) was measured by exciting the samples with a pulsed 980 nm diode laser. The signal was detected by a Ge photodetector and was recorded using a storage digital oscilloscope.
Phase identification of the samples was performed by XRD in a 2q range from 5 to 70 with a step of 0.020 , at a scanning speed of 2 min À1 , at room temperature using CuKa radiation (Shimadzu, XRD-600). The position of the peaks and their relative intensities were compared to standard JCPDS (Joint Committee on Powder Diffraction Standards) files. The infrared spectra were recorded on an FT-IR system (Smiths Detection) equipped with an infraredattenuated total reflectance (ATR) accessory. The FT-IR spectra were taken in the region of 650e4000 cm À1 with resolution of 10 cm À1 .
TG and DSC analysis of the powders were performed using a Netzsch Cell-STA409 analyzer from room temperature to 1100 C. The samples were loaded in alumina crucibles and heated at 10 C min À1 under air atmosphere.
A Jeol JSM-7500F field emission gun scanning electron microscope (FEG-SEM) was used to investigate the microstructure of the heat-treated powders. Fig. 2 shows the FEG-SEM micrographs of E(30) and E(50) powders after thermal treatment at 700 and 1000 C. The micrographs clearly indicated that the nanocrystallites had remarkable agglomeration, a typical feature of Pechini process. When heat-treated at 700 C, the micrographs ( Fig. 2(a) and (b)) showed aggregated particles with an average size of around 30 nm. The aggregation increased with the increasing of the annealing temperature, as a result of the intense combustion of organics used in the resin synthesis procedure. It is interesting to note the porous structure of the E(50) powder heat-treated at 1000 C, as can be seen in Fig. 2(d) , which is a result of the removal of the alcohol and water by-products of the hydrolysis and polycondensation of TEOS [11] . Table 1 Nominal composition (in mol%) of the powders prepared by a modified Pechini method. The letter E (or W) refers to the use of ethanol (or water) as solvent and the number in parentheses indicates the mol% of SiO 2 .
Results and discussion
Morphology of the powders
Sample
Composition ( With a rate of 10 o Cmin -1 , heating from room temperature to 700 o C, hold for 12h, followed by a temperature increase up to 900 (or 1000 o C), hold for 6h 
Photoluminescence characterization at 1540 nm as a function of x and T
In order to find a host that optimizes the emission of Er 3þ ions, the first stage of the present study was to investigate the PL of the powders at room temperature. It is interesting to note that all the following analyses were based on the comparison between the two different solvents used in the preparation of the polymeric resins: ethanol and water. Fig. 3 presents the PL spectra corresponding to the 4 I 13/2 / 4 I 15/2 transition of Er 3þ ions obtained upon continuous wave (CW) excitation at 980 nm for (a) E (x ¼ 0e70) and (b) W (x ¼ 0e70) heattreated at 1000 C. In order to facilitate the recognition of annealing temperature, a sample with different mol% of SiO 2 (x), heattreated at 1000 C, for example, was denoted as "E (x) 1000 C or W (x) 1000 C", where E ¼ ethanol and W ¼ water.
It is easy to see that the PL intensity emission at 1540 nm (I max ) depends on x and the kind of the solvent. The numeric values of I max for all the considered samples, heat-treated at 900 and 1000 C, can be seen in Table 2 . From this table, considering E(0e70) samples, the highest I max was reached for E(30) at 900 C, while at 1000 C it was reached for E(60). In this case, I max E(30) 900 C > I max E(60) 1000 C. Therefore, besides the dependence on x and the solvent, I max also depends on the annealing temperature (T). This dependence could also be observed for W(0e70) samples, the highest I max being reached for W(70) 1000 C. So, the conditions (x and T) that optimized the intensity at 1540 nm using ethanol (x ¼ 30 and T ¼ 900 C) were different from water (x ¼ 70 and T ¼ 1000 C).
Some qualitative aspects could be inferred from Fig. 3 with respect to the inhomogeneous broadening of the PL spectra. In both cases [ Fig. 3 (a) and (b)], decreasing the content of silica, the broad PL emission (which consists of the main peak at 1540 nm and some broad shoulders) splited into many sharp bands centered at 1480, 1577, 1622 and 1650 nm. When ethanol was used as the solvent, this transition was evident when x ¼ 20 / 10. All the peaks were assigned to the fef transitions of Er 3þ as a result of the degeneracylift effect of the host crystal field that splits the levels 4 I 13/2 and 4 I 15/ 2 . Due to the thermal vibration of the crystal lattice (nonradiative loss of energy) at room temperature, some transitions with emission wavelength close to 1540 nm happen synchronously and make the emission bands broaden. It is well-known that the main reason for the broadening of the PL spectrum is the local crystal field symmetry (as well as bond length and angle) at the rare-earth ion site. For this reason, when the Er 3þ ions are embedded in an ordered crystalline structure, the spectrum shows finger patterns as a result of well-defined Stark transitions. On the other hand, rare-earth ions embedded in a disorder network exhibit a broad inhomogeneous spectrum. This broadening was represented quantitatively by the parameter "Full Width at Half Maximum (FWHM)" of the peak at 1540 nm and can be seen in Table 2 for the considered powders. The FWHM values, for the most of the samples, were 50 nm. Variations of this value were more pronounced for samples with low silica concentrations (x ¼ 0e20) due to the transition of a broad PL emission into a finger pattern. This value is comparable to other compositions, usually glasses, as tellurite (65 nm), germanate (42 nm), phosphate (37 nm), other silica-based (46 nm) and higher than Er-doped silica glass (11e35 nm) [12e15].
According to the above results, we could conclude that the PL properties at the NIR region were highly sensitive to the changes in host stoichiometry (dependence on x) and processing conditions (dependence on T and the kind of the solvent) [16] .
Structural characterization: crystallinity and phase-evolution as a function of x and T
The optical properties discussed above could be satisfactorily explained in terms of structural properties, since we inferred previously that crystallization might be associated to the variations of the I max and FWHM values as a function of x and T. In this context, Fig. 4 shows the XRD patterns of the powders to illustrate the effect of x on the structural evolution and the corresponding effect of crystallization on the PL spectra, taking into account the two different solvents: ethanol (aeb) and water (ced). In this figure, we considered the conditions that optimize the intensity at 1540 nm for ethanol (T ¼ 900 C) and for water (T ¼ 1000 C). 2Considering low silica concentrations, for both water and ethanol, a well-defined crystalline phase could be clearly identified as YAG. Thus, we could infer that most of the Er 3þ ions were located on the well-defined sites of the YAG phase and, consequently, the Stark transitions were well-defined in the PL spectra. When x ! 50 (for ethanol) the host exhibited an amorphous structure. A broad band centered at 2q ¼ 22 was observed, which is identical to the standard XRD pattern for amorphous SiO 2 (JCPS file 29-0085). In the case of water, this phenomenon was not observed even for x equal to 70, indicating that the use of water as the solvent favored the crystallization. As a result of the increase of x, the first point to note was the appearance of secondary phases (polymorphic phases of the Y 2 O 3 eAl 2 O 3 system), for both water and ethanol. To facilitate the visualization of the secondary phases, the peaks were indexed by symbols, listed in Table 3 . The second point was that these samples were partially crystalline. The corresponding diffractograms were deconvoluted into several bands. The integrated area of these bands could be quantitatively correlated to the amorphous portion in the sample and was adopted with a parameter associated to the crystallinity. The values of this parameter called as "amorphous area (A.A)" are presented in Fig. 4 for the considered samples. An examination of Fig. 4(a) and (c) revealed that the increase of x favored the appearance of secondary phases followed by the crystallinity decreasing. To evaluate the influence of the heat treatment temperature, the values of A.A, as well as the identified crystalline phases, were listed in Table 3 for the samples heat-treated at 900 and 1000 C. The data of Table 3 show that the increase of T favors the crystallinity increasing as well as the appearance of secondary phases.
Correlating the XRD and PL results, we could infer that the crystallinity and the presence of secondary phases (both dependents on x and T) were two important and competitive parameters in the optimization of the PL intensity at 1540 nm. The optical properties of the Er 3þ ions were optimized when there was equilibrium between these parameters. For ethanol, this equilibrium was reached when x ¼ 30 and T ¼ 900 C, while for water x ¼ 70 and T ¼ 1000 C.
In attempting to understand the difference between the crystallization process by using water and ethanol as the solvents, Fig. 5 shows the TG and DSC curves for powders pre-treated at 400 C. The mass loss curves combined with the presence of exo-and endothermal events were related to the crystallization phenomena.
For powders with no silica (x ¼ 0, both water and ethanol), the TG curves of Fig. 5 show that much of the mass loss takes place up to 500 C, which could be attributed to the removal of molecular water and decomposition of partial carbonates and hydroxides contained in the precursors. In this case, the appearance of an exothermic peak at around 800 C in the DSC curves was presumed to be caused by Table 3 . A.A represents the "amorphous area", a parameter associated to the crystallinity of the samples. crystallization, since no mass loss was detected in these cases. The second peak, at w900 C, could be associated to a phase separation, said to proceed by nucleation and growth mechanisms characteristics of Y 2 O 3 eAl 2 O 3 systems [17] , which justified the appearance of secondary phases in XRD results. A very similar behavior was seen for the W(30) sample. Adding SiO 2 up to 70 mol%, the mass loss occurred until w800 C, probably due to the higher concentration of organics and higher porosity resulting from the hydrolysis and polycondensation of higher TEOS content.
From DSC curves, for x ¼ 70, no crystallization peak was observed, for both water and ethanol. However, according to XRD results, the W(70) powder was already crystalline at 900 C. This result could be associated to a limitation of the TG/DSC equipment that could not detect crystallization in a very small content of sample (due to the larger mass loss w50% up to 800 C). For x ¼ 30, the crystallization appeared to begin at lower temperatures when water is used as the solvent (800 C compared to 830 C for ethanol). This result extended to the other compositions that were not presented in Fig. 5 . So, we could conclude that the use of water as solvent favored the occurrence of crystallization at lower temperatures, in agreement with XRD results.
To complete the structural characterization, IR analysis of the synthesized samples was performed to gain more insight into the structure and composition of the powders with low crystallinity. Fig. 6 illustrates the FT-IR spectra of powders (considering x ¼ 0, 30 and 70) heat-treated at 1000 C for (a) ethanol and (b) water used as the solvents. Based on the conditions that optimized the intensity at 1540 nm, the spectrum of E(30) 900 C was also considered. Bands at about 695, 725 and 790 cm À1 represent characteristic metal-oxygen (YeO and AleO) vibrations [18] , more evident in low silica compositions, characterizing a structure dominated by aluminate formers. W (30)1000 C showed a very similar spectrum to W (0), in agreement with the XRD and DSC results, where the use of water as solvent favored the crystallization. Bands in the spectral region of 850e1100 cm À1 were assigned to antisymmetric stretching vibrations of the bridging SieOeSi bonds within (SiO 4 ) tetrahedral [19] . The band at 1080 cm À1 was very evident for high-silica powders (x ! 50), characterizing a structure dominated by contributions of silica. No absorption band in the 3000e3450 cm À1 region (the OeH stretching vibration) was observed, implying that the heating at 900 and 1000 C was sufficient to eliminate the hydroxyl group. It is interesting to note that a small band, at about 930e940 cm À1 , was only seen in the spectra of compositions that exhibit the highest values of I max [E(30) and W(70)]. Kohli et al. [20] attributed this band to the non-bridging oxygen in silicon (SiO 4 ) tetrahedral. The importance of this result is discussed in the next section.
Nonradiative mechanisms as a function of x and T
The changes observed on I max with the change of host nature might be associated to the nonradiative relaxation rate (W nr ). It is well established that hosts with lower phonon energy exhibit lower nonradiative loss of energy. Increasing the silica content (x ! 50), the highest phonon energy increased from 930 to 1080 cm À1 for ethanol and from 785 to 1080 cm À1 for water-powders (according to the frequencies of the bands in the FT-IR spectra of Fig. 6 ). Consequently, silica-rich powders exhibited higher nonradiative loss of energy.
The population decay rate (lifetime) is a parameter that presents a strong dependence on W nr and its value increases when W nr decrease. Therefore, according to the above discussion, it was expected a decrease in lifetime values with the addition of silica. The lifetime s of the level 4 I 13/2 as a function of powder composition was measured and the results are listed in Table 2 . Contrary to the expectation, no significant variation was observed (s w 5 ms). Therefore, there might be a competitive mechanism that comes into equilibrium with the nonradiative phonon-assisted relaxation. This mechanism was the result of up-conversion effect. Table 3 Phase-evolution, secondary phases and the values of A.A (amorphous area) as a function of x, T and the kind of solvent. The parameter A.A is associated to the crystallinity of the samples. Fig. 7 shows the up-conversion spectra dependence on x considering the temperatures that optimized the intensity at 1540 nm (T ¼ 900 C for ethanol and T ¼ 1000 C for water). To associate with PL results, the I max values as a function of x, for each solvent, are shown in the insets of this figure.
The spectra are divided into two parts: green emission, in the range of 520e570 nm (due to 2 H 11/2 þ 4 S 3/2 / 4 I 15/2 ) and red emission, in the range of 640e685 nm (due to 4 F 9/2 / 4 I 15/2 ). The proposed up-conversion channels are illustrated in the energy level diagram of Fig. 8 [21, 22] . These up-conversion mechanisms are intensely affected by the excited-state absorption (ESA) and energy transfer (ET) between Er 3þ ions [23, 24] . ET process is strongly dependent on the dispersion of the ions in the host. Firstly, upon 980 nm excitation, the levels 4 I 11/2 and 4 I 13/2 are populated after the ground-state absorption (GSA) process. For green Er 3þ emissions, a second step excitation of 4 The alternative mechanisms that populate the 4 F 9/2 are nonresonant and, as a consequence, would appreciably depend on the host. Fig. 7(a) shows that only green emission was observed, which intensity decreased with the increase of silica content. In this figure, the spectra for x ! 50 were not presented, due to the low intensity of the effect. However, Fig. 7 (b) exhibits up-conversion effect with higher intensity and with more pronounced peaks. Both green and red emissions were observed for values of x up to 60. The addition of silica was followed by the decrease of the green emission intensity. On the other hand, red emission did not show a systematic dependence on x and was more evident for x ¼ 60. As the red emission is the result of energy loss toward the host, we could infer that the interaction of Er 3þ with the host was higher when water was used as the solvent.
To explain the observed variations on I max and the almost constant values of s as a function of x, we could infer that there was two From the insets of Fig. 7 , it is interesting to note, for both water and ethanol, as lower as the up-conversion effect, higher is the emission at 1540 nm.
Summarizing, the addition of silica played an important role on increasing the dispersion and solubility of Er 3þ ions in the semicrystalline samples, which resulted in a reduction of ioneion interaction and an increase of PL intensity at 1540 nm. The FT-IR result associated to the appearance of non-bridging oxygen groups at the optimal conditions of x and T (Section 3.3) ensured this idea. Some authors reported that the non-bridging oxygen groups can reduce the tendency of Er 3þ ions to cluster [25, 26] , improving the rare-earth solubility and PL intensity.
Conclusions
Powders with (100 À x) Y 3 Al 5 O 12 À (x) SiO 2 compositions were synthesized by a modified Pechini method in order to find a host that optimizes the emission of erbium ions at 1540 nm. The role of SiO 2 concentration on the host properties was emphasized, considering ethanol and water as the solvent in the resin preparation process. In the optimization process, two effects were evaluated (i) the broadening of the PL spectrum associated to the crystal field symmetry at the Er 3þ site, (ii) the increase of the dispersion of Er 3þ ions with reduction of ioneion interaction resulting in the increase of PL intensity. These effects have proved to be strongly dependent on a list of variables: crystallinity, secondary phases, highest phonon energy, lifetime, appearance of non-bridging oxygen groups and loss of energy by up-conversion and other nonradiative mechanism. All these variables were evaluated as a function of the silica content and temperature. The highest emission intensity at 1540 nm was observed in E(30) 900 C and W(70) 1000 C powders. It is important to note that the optimal conditions for ethanol solvent are quite different for water used as the solvent, confirming that the PL properties at the NIR region are highly sensitive to the changes in the host stoichiometry and processing conditions. 
